Hard metal alloy, which is used as material for cutting tools, comprises tungsten carbide, cobalt, and other elements and possesses excellent hardness and heat resistance. Hard metal alloy is difficult to recycle, and its rate of recycling in Japan is low. In this study, components of hard metal alloy were leached by electrolysis in molten sodium hydroxide. The optimum experimental condition was potentiostatic electrolysis at an oxidation potential of ¹0.7 V. Tungsten constituted 99.7 mass% of the leached component in the molten salt, and other metals oxidized to passive materials. Tantalum was dissolved in the molten salt without electrolysis. Chromium was oxidized from its metal state to its trivalent oxide, which was converted to the hexavalent oxide by trace oxygen in the atmosphere of the reactor.
Introduction
Hard metal alloy, which is used as a material for cutting tools, comprises tungsten carbide with cobalt as a binder. 1) The recycling rate for hard metal alloy in Japan is 30% or less. 2) Processes of recycling hard metal alloy are categorized as physicochemical 3, 4) and chemical processes. The chemical process involves the recovery of tungsten oxide or ammonium paratungstate through an oxidation process combined with a purification process. The oxidation process can be one of many types, including thermal oxidation, 5, 6) chemical oxidation, 7, 8) mechanochemical oxidation, 9) and electrochemical processes. 10, 11) These processes convert tungsten carbide to tungstate ion, from which ammonium paratungstate is synthesized.
The present study focused on leaching tungsten from hard metal alloy via electrolysis in molten sodium hydroxide and analyzed the electrochemical oxidation behavior of each element in the alloy.
Materials and Methods

Experimental equipment
The equipment used for the molten salt electrolysis is illustrated in Fig. 1 . An alumina crucible was employed as the electrolysis reactor. The electrolysis potential was controlled using a potentiostat (HZ-5000; Hokuto Denko). The molten salt used was a sodium hydroxide, which was kept at 450°C. All experiments were prepared and performed in an atmosphere of argon gas. The cathode was a nickel wire, while the reference electrode was a platinum coil. The anode was a hard metal alloy and a component element of that. The elemental content of hard metal alloy is shown in Table 1 . Tungsten carbide powder was packed into a nickel basket as the anode jig.
Analytical methods
Following electrolysis, the hard metal alloy, cooled molten salt, and residual were dissolved in a mixed acid solution (8 mass% HF, 12 mass% HNO 3 ), respectively. The each solution was cleared using a solid extraction kit (Meta SEP IC-MA and MC; GL science), and its elemental components were analyzed by inductively coupled plasma optical emission spectroscopy (ICP, Optima 3300 DV; Perkin Elmer Japan). The materials were identified by X-ray diffraction (XRD, XRD-6100; Shimadzu). Surface morphologies and elemental contents were analyzed by scanning electron microscopy combined with energy dispersive X-ray analysis (SEMEDX, JSM-6330F & JED-2140GS; JEOL). The solid carbon content was determined using a carbonsulfur analyzer (EMIA-540; Shimadzu). Carbon dioxide and carbon oxide in the reactor was analyzed in spot test after electrolysis (CO 2 : 2LC, CO: 1LC; GASTEC).
Results and Discussion
Anodic polarization curves
The anodic polarization curves are shown in Fig. 2 . The scanning rate of anodic polarization analysis was 5 mV s ¹1 from the rest potential. Oxygen gas was generated from 0.0 V using a platinum anode. The current value of the hard metal alloy, tungsten and tungsten carbide increased at approximately ¹0.9 V. Tungsten is oxidized and dissolved as tungstate ion into the molten sodium hydroxide salt under the experimental conditions. The potential value at which the current value of tungsten carbide changed was similar to that of tungsten, suggesting that the bonding between tungsten and carbon was easily broken under the experimental conditions.
The current value of cobalt changed in the potential range from ¹0.9 to ¹0.6 V and from ¹0.6 to ¹0.2 V, and the current did not flow above ¹0.2 V. This result suggests that the flow of current was inhibited by passive cobalt oxide generated at the surface.
There was slight flow of current of tantalum from a potential of ¹1.5 V. This suggests that tantalum dissolved in molten sodium hydroxide without electrolysis.
The current of chromium peaked at potential of approximately 0.4 V, indicating the formation of a passive film and suggesting that chromium metal oxidized to trivalent chromium oxide.
3.2 Electrolysis behavior of cobalt, chromium, and tantalum The anodic polarization curve of cobalt, chromium and tantalum demonstrate specific electrolysis behaviors. The behavior of cobalt was investigated employing cyclic voltammetry at a scanning rate of 0.1 V·s ¹1 over scanning ranges from ¹1.0 to 0.3 V (Fig. 3(a) ) and from ¹0.70 to 0.65 V (Fig. 3(b) ). Peaks in the oxidation current were observed at approximately ¹0.75 and ¹0.20 V. The same behavior was observed for the anodic polarization curve obtained using the cobalt anode. The cobalt anode oxidized at ¹0.75 and ¹0.20 V, and the oxidized anode was analyzed by XRD (Fig. 4) . At ¹0.75 V, cobalt metal oxidized to cobalt oxide, which converted to sodium cobalt oxide at approximately ¹0.20 V. For such oxide films are passive film and they are hardly dissolved in the molten sodium hydroxide salt. These results indicate that cobalt did not leach into the molten sodium hydroxide salt.
The results for the cyclic voltammetry of chromium for a scanning rate of 0.1 V·s ¹1 and a scanning range of ¹1.0 to Fig. 6 . The peaks of trivalent and trivalent chromium oxide was observed in the XRD spectrum. The surface color of the molten sodium hydroxide changed from green to yellow with the addition of chromium(III) oxide reagent at 450°C without Ar gas displacement in the reactor, the metal chromium anode also oxidized to its trivalent state or hexavalent one under the condition. This results suggests that the hexavalent state is more stable state than trivalent one under the alkaline condition with trace oxygen. The anodic polarization curve for tantalum (Fig. 2) shows that the current value of tantalum is unaffected by a change in potential. It is difficult to inhibit the leaching of tantalum from hard metal alloy because tantalum is chemically dissolved in the molten sodium hydroxide salt. Figure 7 shows the XRD pattern of tantalum electrolyzed at ¹0.4 V. Peaks corresponding to tantalum oxide were observed in the XRD spectrum along with peaks of unknown origin. The current did not increase at potential of ¹1.1 V, indicating that the tantalum surface was covered with a passive oxidation film of tantalum oxide. Tantalum oxide was dissolved by the hydroxide molten salt. In general, current decreases with the generation of a passive film; however, the current in the tantalum anodic polarization curve remained constant. In this case, the constant current was combined result of the generation of tantalum oxide and the dissolution of tantalum oxide in molten sodium hydroxide salt.
Oxidation of hard metal alloy using electrolysis
The anodic polarization curves revealed that tungsten was the element in hard metal alloy most easily oxidized in molten salt electrolysis. Hard metal alloy appears to oxidize at potentials between ¹1.0 and ¹0.4 V in Fig. 2 . The composition of the molten salt after approximately 4.3 h of electrolysis is given in Table 2 at each potential and current. The electric quantity was not proportional to electrolysis potential, because the current depends on these electrode area and electrolysis potential. The total leaching amount was the smallest at ¹1.0 V because the current was the lowest at this potential. In contrast, the total leaching amount of tantalum was largest at ¹1.0 V. The oxidation current of tungsten did not increase at ¹1.0 V, and tungsten was thus difficult to leach at this potential (Fig. 2) . Tantalum leaching from hard metal alloy was the primary reaction at ¹1.0 V. The optimum potential for leaching tungsten from hard metal alloy in electrolysis using molten sodium hydroxide was ¹0.7 V. Leaching differed between ¹0.7 and ¹0.4 V in terms of the leaching amount of other compositional elements from hard metal alloy. Galvanostatic electrolysis with current of 200 mA and potential of approximately ¹0.7 V was also conducted. Compared with potentiostatic electrolysis at ¹0.7 V, galvanostatic electrolysis at 200 mA leached more of the additive component (chromium) of hard metal alloy. Therefore, the potential changed with time in galvanostatic electrolysis. This change in the electrolysis potential led to the leaching of hard metal alloy components other than tungsten.
The sediment in molten salts was analyzed by XRD ( Fig. 8) and SEMEDX, and the composition was analyzed using ICP (Table 3) . Tungsten carbide and the metal cobalt were identified in the sediment of molten salt, and the tungsten carbide phase was bonded with the cobalt phase in SEM observations. The sediment was the crumbled hard metal alloy, and cobalt had not dissolved under this condition in sodium hydroxide molten salt. The composition of tungsten and cobalt was different between the molten salt and sediment.
According to the composition of molten salt that leached from the hard metal alloy, the current efficiency, C eff , was calculated for the expected reaction
where z W is the atomic charge of tungsten, n is the molar amount of tungsten, F is the Faraday constant, and Q is the quantity of electricity. In this case, z W was 6 and Q was 5565 coulomb, the current efficiency was 57.5%. Tungsten leaching is associated with generation of carbon dioxide. Carbone monoxide was not determined. The current was consumed by the oxidation of tungsten, and generation of carbon dioxide. The current was consumed by the oxidation tungsten and carbon, and generation of carbon dioxide was a four-electron oxidation reaction. The current efficiency of generation of carbon dioxide was calculated to be 38.8%. The sum of the current efficiency of tungsten leaching and that of carbon oxidation was 95.8%. These results demonstrate that the current was consumed mostly by the oxidation of tungsten carbide. In general, the surface of hard metal alloy is coated by titanium carbide or titanium nitride. These compounds are not oxidized by the molten sodium hydroxide salt because they are constituents of a passive film for sodium hydroxide molten salt. It is important to remove this surface film employing physical and mechanical methods before electrolysis is conducted in molten sodium hydroxide.
Conclusion
Tungsten was dissolved from hard metal alloy employing electrolysis in molten sodium hydroxide. The electrolysis potential affected the leaching behavior and the optimum electrolysis potential was identified as ¹0.7 V. The tungsten content in the leaching component was 99.7 mass%, and tantalum was dissolved without electrolysis via conversion to tantalum oxide. The electrolysis generated passive cobalt films on surface of hard metal alloy. Cobalt was bound to tungsten carbide in the sediment. Chromium metal was oxidized to trivalent oxide by electrolysis, and the trivalent state was further oxidized to the hexavalent state by trace oxygen in the atmosphere.
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